Introduction
Among animals, prey species spend a lot of energy on being inconspicuous in order to avoid predators and often depend on direct defensive adaptations (behavioural, mechanical, chemical or more often their combination). Apart from the appearance of prey, which may be cryptic, mimetic or aposematic [1] , one of the riskiest activities is prey communication as it offers unique cues for predators. To avoid attracting predators, some prey communicate using vocal or chemical signals in the dark or under shelter. Even so, it is still possible, and common, for predators to use these signals through eavesdropping [2] . Predators must, however, be equipped with the right sensors in order to detect specialized prey signals [3] [4] [5] e.g. hornets can detect the alarm pheromones [6] and the aggregation pheromones [7] of honeybees, some ants can detect the trail odour [8] , colony odour [9] , and alarm pheromones of some termites [10] , and the specialist zodariid spider can detect the alarm pheromone of its ant prey [11] .
The evolution of communication signals takes place at the species level where they produce their own set of signals that are more or less complex for the purpose of differentiation. Complex signals have been shown to enable higher localization frequency of prey by eavesdropping predators (e.g. eavesdropping bats have been shown to locate frogs more successfully using complex multisensory signals than with simpler cues [12 -14] ).
Complex signals are particularly common in eusocial insects which use a rich set of info-chemicals [15] [16] [17] [18] [19] [20] . In termites, the specialized soldier caste has evolved specific defensive glands (labial or frontal) that produce toxic or repellent compounds as well as alarm pheromones [21] [22] [23] [24] . In ants, on the other hand, alarm communication is more sophisticated, with distinct pheromones that provide information about different levels of excitement according to the nature of the threat [25, 26] . Foraging in termites, and in most ants, is a collective task during which the risk of predation is high. Communication strategies may therefore be used to ensure the efficient gathering of food, such as foraging communication, including the secretion of a trail-following pheromone [27] [28] [29] [30] , alarm communication with vibrations or alarm pheromones [31] , and nest-mate recognition to avoid mistakes in defensive behaviour [32, 33] . To be successful, foraging communication should transmit all the basic information related to the food source, such as quantity, quality, direction and location. Recruitment of nest-mates to a food source is based on trail-following behaviour in termites and ants where a more attractive trail odour is produced by quantitative and/ or qualitative changes in the pheromone production and release [29, 30] . Additionally, the context in which the pheromones are released may impact on the sensory habituation and the behavioural responses to recruitment pheromone in the microenvironment of cryptic termites [29] .
In Odontotermes formosanus (Macrotermitinae), trail orientation is induced by (3Z)-dodec-3-en-1-ol (DOE) whereas (3Z,6Z)-dodeca-3,6-dien-1-ol (DDE) has both an orientation effect and a recruitment effect when food is discovered [29] . Macrotermitinae species are known to have high population densities and may therefore provide an abundant source of food for predators, with ant species being the most important ones. While basic chemical and primary behavioural analyses have shown that ants may detect termite trail [8] and colony [9] odours as well as termite alarm pheromones [10] , the detection of termites by ants through eavesdropping remains less well understood. In this study, we compare several innate signals of fungus-growing termites and show how the specialized ant predator, Odontoponera transversa (Hymenoptera: Formicidae: Ponerinae), eavesdrops on three common fungus-growing termites from Asia: Odontotermes yunnanensis, Ancistrotermes dimorphus and Macrotermes yunnanensis (all Termitoidae: Termitidae: Macrotermitinae).
Material and methods (a) Biological material
Workers and soldiers of the termite species Odontotermes yunnanensis (Tsai & Chen 1963), Ancistrotermes dimorphus (Tsai & Chen 1963) and Macrotermes yunnanensis Han 1986 (all Blattodea: Termitoidae: Termitidae: Macrotermitinae) were collected during foraging in Xishuangbanna Tropical Botanical Garden (XTBG; Yunnan, China). Workers of the ant Odontoponera transversa (Smith 1857) (Hymenoptera: Formicidae: Ponerinae) were collected in the same location as a model of a specialized predator of the three termite species (electronic supplementary material, figure S1 ). All individual termites were used for extraction, dissection and/or used in behavioural experiments immediately after collection. Colonies of ants and termites that were used for bioassays originated from three different baiting sites (baits were rotten branches or trunk of rubber trees), each 20 m in diameter and situated at least one kilometre apart. While 15 ant colonies were used (five colonies per site), the number of termite colonies was unidentified within the same species due to the diffuse nesting structures that prevent separate colonies from being identified. To ensure that termite colonies were truly different they were distinguished by site in this study.
(b) Field observations
Diurnal and nocturnal observations of natural interactions between the three termite species and workers of the ant Odontoponera transversa were recorded with a P9 camera (Huawei, People's Republic of China) in XTBG from October 2015 to September 2016. Nine sites, three sites for each termite species, were observed. For A. dimorphus, non-inquiline colonies were used. The number of ants found around the established foraging sites of the three termite species (termite foragers more than 1000) was recorded. Field bioassays with choice tests were conducted from 10.00 to 22.00 during dry days from December 2015 to September 2016 in XTBG. Three sites were used for each field trapping experiment.
Paired cylindrical vials (3 cm in diameter, 6 cm height) were buried with the openings at the soil surface and 20 cm apart, allowing ants to freely choose one of the two vials (see figure 1b) . The vials were lined with clean damp (150% moist content) filter paper, which is a common substrate for keeping living termites, as well as either (i) living termite workers (n ¼ 15), (ii) living termite soldiers (n ¼ 1 or 4), (iii) a mixture of both living termite workers and soldiers in natural ratio (1 : 15), (iv) one Whatman no. 1 filter paper disc (1 cm in diameter) impregnated with crushed heads and thoraxes of termite workers, (v) sternal gland extracts of termite workers (15 gland equivalents), or (vi) synthetic compounds, from 1 to 100 ng of DOE, DDE or a mixture of both. For controls, clean damp filter paper discs were used for samples i-iv, while similar filter paper discs impregnated with hexane were used for sample vi. In order to reinforce the alarm signal secretion by the soldiers, legs of termite soldiers from a different colony or from a different species were placed into the vials. DOE and DDE were synthesized as described in Wen et al. [34] and the different concentrations were made by diluting the solutions with hexane. The number of ants that chose each vial was recorded and analysed.
(c) Chemical analyses of the termite trail pheromones
The trail pheromones of Odontotermes yunnanensis, Ancistrotermes dimorphus and Macrotermes yunnanensis were studied using solid phase microextraction fibres (SPME Blue Fiber 65 mm PDMS/ DVB, Supelco, CA). The fibres were used to rub the sternal gland surface and non-glandular cuticular surface of 15 termites in 5 min, followed by gas chromatography coupled with mass spectrometry (GC-MS). Pheromone components were thereafter identified based on their spectral and retention time similarity with the synthesized standards.
To monitor the trail pheromone secretion in termite foraging areas we placed rotten branches (approximately 250 cm long with an average diameter of 4 cm) of the rubber tree Hevea brasiliensis in the foraging areas of three field colonies of O. yunnanensis. The whole foraging population was sampled rapidly after 0.2-24 h rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20170121 and the number of workers and soldiers was counted. The trail pheromone secretions of foraging termites were monitored no longer than 5 min after the termites had been separated from the food. The secretions were examined by extracting the pheromones of 15 randomly selected workers using SPME fibre which was subjected immediately to gas chromatography as described below. Detailed methods of the instrumental analyses are provided in the electronic supplementary materials.
(d) Lab bioassays
In termite trail-following bioassays, artificial trails made with different solutions were assayed using artificial open-air Y-shape trails to study the trail-following behaviour in Odontotermes yunnanensis, Ancistrotermes dimorphus and Macrotermes yunnanensis. Tested solutions included DOE, DDE, a mixture of DDE and DOE in hexane, sternal gland extracts (prepared by dissecting 15 termite glands and extracting them in 150 ml hexane in a 2 ml amber glass vial for 2 h), or controls of pure hexane.
Bioassays using ants were performed by introducing one ant to a 9 cm Petri dish that was kept up-side-down in the centre of a 15 cm Petri dish. The dish contained two pieces of either Whatman no. 1 filter paper (1 cm in diameter) impregnated with near natural physiological concentrations, i.e. 1 ng cm 21 of DOE or DDE diluted in dichloromethane (DCM), and other dilutions on a decimal scale (10 rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20170121
Petri dish was gently removed to let the ant free. The filter paper discs were kept out of the Petri dish for 15 s prior to the bioassays to ensure the evaporation of the solvent. A GO-5000-USB CCD camera (IAI, People's Republic of China) was used to record the behavioural responses of the ant during the 3 min of the bioassays in the presence of the tested dispensers. Walking routes, walking distances and walking speeds were calculated by tracking the ant in the video files using Tracker (Douglas Brown, USA). Bioassays were conducted under dimmed red light at 258C and 60% relative humidity. After each bioassay, Petri dishes were cleaned with ethanol, followed by distilled water and heated to 2508C. Each ant was tested only once and 15-20 replicates for each treatment were used. We used ants from 15 field colonies which was ensured by collecting ant within the same patch (1.5 Â 1.5 m) of ground and observing the agonistic behaviour after they were mixed in a plastic container (0.5 l).
(e) Electroantennographic recordings
One antenna was cut off from an ant at its base with micro-scissors and was then mounted between the tips of two electrodes containing Ringer's solution [35] . The antennal preparation was connected to a custom-made electroantennographic (EAG) amplifier to amplify the signal 21 times. An HP34465A digital multimeter (Keysight, USA) controlled by BenchVue software (Keysight, USA) and running on a PC was used to record the antennal responses. The use of this system design allowed us to record responses at a threshold of 5 mV. The antennal preparation was placed into a stream of clean air into which odour stimuli were injected from odour cartridges prepared from Pasteur pipettes with Whatman no. 1 filter paper strips (1.5 Â 0.4 cm) impregnated with either DOE, DDE diluted in DCM or DCM only as a control. All filter paper strips were held in the air for 15 s for evaporation prior to their introduction into the Pasteur pipettes. New Pasteur pipettes and new filter paper strips were prepared prior to each EAG experiment.
(f ) Data analyses
The numbers of ants recorded around the foraging sites of the three termite species and the number of ants choosing vials of different chemical composition were analysed using generalized linear models (GLMs), following a Poisson distribution. Means were compared in pairs using sequential Bonferroni methods, corrected for type I error. All data analyses were conducted using SPSS (IBM, USA). We first tested the effect of sites and colonies for each experiment using ANOVA or GLM analyses. The linear correlations between the ratio of DDE and DOE compounds and the size of foraging parties were analysed using ANOVA and the coefficient of the curve was analysed using a t-test.
Each trail selection was compared with the null expectation (no choice) using a x 2 test. The event/trial ratio of active trail-following responses (event) to artificial trails within all trials was compared with the event/trial ratio of blank solvent control tests using GLM (0 was replaced by 1 for all controls to enable the analysis). The latter analysis was followed by a binary probit model that was tested using a Wald x 2 test. The behavioural responses of ants subjected to different combinations of chemical compounds were statistically analysed using ANOVA. Means were compared using Tukey honest significant difference (HSD) methods in post hoc analyses.
The EAG responses were logistically transformed to fit the linear model. As the physiological statuses of the tested insects were different, responses to each compound were rectified by subtracting the averaged blanks of each compound. We used transformed and rectified EAG (TREAG) responses for statistical analyses. The effects of dose and compounds on ants were analysed using two-way ANOVA and the TREAG responses were figure 1a ). The effect of site was significant (G 2 9 ¼ 461:13, p , 0.001) owing to the difference in termite species composition among sites and the strong species preference by O. transversa. Individuals from O. yunnanensis and A. dimorphus were found by the ant in the freshly built galleries and those under construction, while Macrotermes yunnanensis, which forage in the open and are directly located by the ants, was the least common prey. When an ant found a termite gallery, it entered by removing a piece of the cover to capture a single termite. In 109 out of 110 termite-ant encounters, termite workers were targeted rather than termite soldiers. The predominant focus on the worker termites is presumably due to the lower abundance of termite soldiers and the higher risk involved in catching them (electronic supplementary material, video S1). As O. transversa has not been observed to hunt other insects it may be considered a specialized predator of the three termite species observed in this study.
(b) Field bioassays
In all trapping bioassays the impact of site was not significant (G figure 1c) . Moreover, when considering natural proportions of termite workers and soldiers during foraging, ants chose vials with termite workers significantly more frequently than the vials containing soldiers in all studied termite species (O. yunnanensis, G Mixtures of the two compounds (DOE and DDE) at equal representation at 1, 10 and 100 ng levels were significantly more attractive to ants ( p , 0.05) than DOE alone at the same levels. The same mixtures and DDE alone did not differ from each other irrespective of the concentration used. The highest attraction was observed with a mixture of DOE and DDE (5 ng each) or with DDE alone at 10 ng (figure 1e). No synergy effect was therefore observed between the two compounds DOE and DDE, with DDE being the most effective compound for the attraction of ants. The DDE and DOE may therefore be classed as kairomones that are used by O. transversa to detect and hunt O. yunnanensis, M. yunnanensis and A. dimorphus.
(c) Kairomone production and perception
Chemical analyses showed two specific compounds at the surface of the sternal gland of workers in O. yunnanensis, DOE and DDE (electronic supplementary material, figure S2a). DOE was the only specific component in M. yunnanensis while only traces of DDE were found in A. dimorphus (electronic supplementary material, figure S2b). Trailfollowing bioassays performed in the lab showed that workers of O. yunnanensis follow trails made of sternal gland extract, both compounds, alone or mixed, in contrast to solvent control (G 2 2 ¼ 94:378, p , 0.001) and they showed a significant preference for DDE over DOE (G 2 2 ¼ 9:59, p ¼ 0.008) (electronic supplementary material, table S1). Additionally, M. yunnanensis and A. dimorphus were able to follow each other's sternal gland extracts as well as the specific components from their sternal glands (electronic supplementary material, table S1).
Quantification of real-time secretion of foraging termites revealed a correlation between the ratio of DDE/DOE and the number of foraging termites (R 2 ¼ 0.61, ANOVA:
The coefficient of the curve is positive and significant (t-test, p , 0.001) (figure 2a 0.001) (figure 2b), which suggests that the ants may discriminate between context odours when both components of the termite trail pheromones are used.
(d) Ant behavioural responses to the kairomone
Our lab experiments clearly showed that ants are attracted to all samples containing DOE and DDE at all studied quantities ( figure 3 ). The behavioural responses of the ants were not significantly different among colonies (ANOVA: F 14,131 ¼ 0.56, p . 0.05). When 10 ng of DDE was used, ants were observed to walk both further and faster compared with ants responding to lower quantities of DDE ( p , 0.01) or the same quantities of DOE ( p , 0.01) (Dunnett t-test, p , 0.05). The dosage of the two compounds also showed a significant effect on the distance (ANOVA: F 8,123 ¼ 12.22, p , 0.001) and speed that the ants moved (ANOVA: F 8,123 ¼ 9.67, p , 0.001). When using DOE or DDE at concentrations between 0.1 and 1 ng, ants moved slower and shorter distances compared with the control ( p , 0.01 and p , 0.05, respectively for each compound and for each measure, Dunnett t-test p , 0.05 for both measures) (figure 3b,c).
Discussion (a) Evolution of termite trail-following behaviour
Colonies of advanced eusocial species may reach millions of individuals, cooperating in densely populated hives, with the rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20170121 same underlying logistic as big cities. The social way-of-life creates pressure on the development of communication systems which is predominantly chemical and tactile in social insects [36] . The use of pheromones for communication is evidenced by the range of exocrine organs in social insects, largely exceeding numbers observed in solitary relatives [37] . While the function of the majority of these glands remains to be discovered, trail-following pheromones are the product of the sternal gland. The sternal gland is an organ that is present in all castes and developmental stages of termite species and is only inactive in the youngest larvae and reproductives [28, 38] . All Macrotermitinae species studied so far depend on trail pheromone DOE, DDE or (3Z,6Z,8E)-dodeca-3,6,8-trien-1-ol (DTE), or a combination of the first two compounds, which is also true for the studied species O. yunnanensis, A. dimorphus and M. yunnanensis [28, 39] . Our results show that the trails of exploratory termite workers in smaller groups contain higher DOE than DDE levels. However, if the trails contained higher levels of DDE it indicated a larger group of termites with high likelihood of soldiers. Surprisingly, higher DDE may also show the presence of imagos as DDE is the dominant female sex pheromone component in O. yunnanensis and A. dimorphus [34, 40, 41] . Trails with high DDE content may represent higher returns due to the high abundance of individuals, but the likely presence of soldiers means that the predator would be subjected to higher risk. The complexity of the pheromonal use in termites is evidenced by the change in signal interpretation with changing DDE and DOE ratios. Beyond the data that we provide in this study, the complexity of termite trail pheromones is supported by Wen et al. [29] , which showed similar patterns for O. formosanus (Macrotermitinae).
(b) The use of kairomone by ants for termite predation
Our results provide new insights into the use of chemical signals by ants for targeted predation on specific termite species. Ants are able to detect chemical cues from termite soldiers, as evidenced by significantly higher attraction to groups of four soldiers compared with a single individual, although the attractiveness is lower than to workers (figure 1c). Thus, we cannot exclude the possibility that alarm pheromones originating from defence secretions in much higher concentrations may also serve as less effective kairomones. Eavesdropping predators have been shown to accurately discriminate between vocal and vibrational signals in prey [12] [13] [14] and tend to select signals that may be easily distinguished, rather than necessarily conspicuous, such as signals that are evolutionarily selected for competition among and between species [2] . While trail pheromones are less abundant, they provide a reliable signal informing the predator of the presence or absence of prey. As trail pheromones are highly selected evolutionarily, it is not surprising that these signals may be targeted as kairomonal cues.
The eavesdropping by O. transversa on termite trail pheromones is an example of kairomone that is commonly observed in predators and parasites [42] . In this study, we specifically show the importance of two chemical compounds, DDE and DOE, that are key trail (in O. yunnanensis) and sex pheromones (in O. yunnanensis and A. dimorphus) used by the studied termite species. The importance of the DDE and DOE as chemical cues for O. transversa predation was supported by the significant attraction to all three termite species studied here, with O. yunnanensis being the most attractive termite species presumably due to the presence of both DOE and DDE. As a comparison, other Macrotermitinae genera, such as Microtermes or other Ancistrotermes, have much smaller body sizes, and therefore lower trail pheromone production, which has been shown to reduce their attractiveness to larger termite predators [8] . O. transversa was not only attracted by termite trail pheromones, but also able to distinguish between small and large groups of O. yunnanensis by determining the ratio of DDE and DOE, showing distinct behavioural responses to DOE-or DDE-dominated pheromones. In response to DOE, the reduction in ant searching speed represents a more precise localization of worker termites in a small number of hidden Odontotermes foraging workers. Also, the slower searching speed may potentially represent careful hunting of defenceless workers among highly armed Macrotermes that forage in the open with abundant scouting soldiers. In the response to DDE, the ant especially took part in 'high risk-high gain' strategies as evidenced by the increase in its speed of movement, which is thought to enable the ant to catch a random and defenceless Odontotermes worker while escaping the soldiers. Moreover, the ephemeral dispersal of Ancistrotermes and Odontotermes provides an abundant food source for ants, and high concentration of DDE present in the sex pheromones of rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20170121 dealated imagos may indicate a synchronized dispersal event.
The ability of O. transversa to interpret the trail pheromone composition shows how eavesdropping ants may tune into the social signals of their prey. Colonies of Macrotermitinae usually constitute large numbers of individuals that may be used as a food source by a range of animals [43] . Termites as a resource may therefore have been a driving force in the evolution of ant eavesdropping behaviour. Ant -termite predation is not unique to O. transversa as it has been recorded in Megaponera foetens, Pachycondyla analis and Lasius japonicus [8, 44] among others. The vulnerability of foraging termites to desiccation and predation has prompted the evolution of temporary shelters made of a mixture of faecal material, soil and saliva [45] . The runways may obscure both visual and olfactory signals that may otherwise be readily picked up by predators [15, 39] . However, despite the use of covered galleries, ants have been shown to detect African Odontotermes and Macrotermes [8, 9] . It is thought that the organic matter of the runway material is impregnated with the trail pheromone during construction, which marks the galleries with a distinctive olfactory signal. In this study, we showed the preference of O. transversa for soft and freshly built runways (see electronic supplementary material, video S1 for laboratory observations), which suggests that the pheromonal signal in the building material may fade with time or that the material is softer and more porous, and therefore releases more of the pheromone than older more closed structures. These observations suggest that ants have a higher chance of locating termites during, and soon after, construction of the runways. The selection pressure on eavesdropping may therefore have affected the materials used for runway construction as well as the sensitivity of ants to different levels of termite trail pheromones.
Conclusion
Our research has provided the first functional significance of pheromonal components in O. yunnanensis, and identified the ability of eavesdropping predators to distinguish between complex chemical cues of eusocial prey, which supports the theory of eavesdropping on social signals [5] . Further, the termite trail pheromones in the studied species O. yunnanensis, A. dimorphus and M. yunnanensis consisted of identical chemical compounds, DDE and DOE. The similarity of the trail pheromones is likely to be the reason for the predation of O. transversa on all three species. The lack of DDE in A. dimorphus and M. yunnanensis, however, may be the reason for the preference of the ant for O. yunnanensis. As well as recently reported anti-predator eavesdropping in cryptic termites [46] , termites that forage in the open have evolved to reduce the pheromone production to mask their presence to predators. We call for further research into the correlation between the construction of temporary structures and trail pheromone production in termites and the drivers of eavesdropping behaviour.
